Sodium currents mediated by voltage-sensitive sodium channels in normal and scorpion toxin-resistant neuroblastoma cells were measured using a giga-ohm seal recording method in the whole cell patch configuration. The voltage and time dependence of sodium currents were similar in normal and mutant cell lines. Halfmaximal activation occurred for test depolarizations in the range of -7 to -11 mV. Half-maximal inactivation occurred for pre-pulses in the range of -62 to -69 mV. Scorpion toxin from Leiurus quinquestriatus (100 to 200 nM) increased the time constant for sodium channel inactivation 6-to g-fold, increased the peak sodium current 2.0 f O.&fold, shifted the voltage dependence of sodium channel activation 7 to 11 mV to more negative potentials, and made the voltage dependence of inactivation less steep. These effects were observed for both normal and scorpion toxin-resistant neuroblastoma cells. However, the effect of Leiurus toxin on the rate of inactivation was half-maximal at 1.7 nM for the parental cell line N18, in contrast to 5.4 or 39 nM for the scorpion toxin-resistant clone LV30 and 24 or 51 nM for LVlO. These results show that scorpion toxin resistance results from a specific change in channel properties that does not impair normal function but causes an increase in the apparent KD for Leiurus toxin action on sodium channels.
The voltage-sensitive sodium channel is the membrane glycoprotein responsible for the sodium permeability changes of electrically excitable cells. Upon depolarization of the cell membrane under voltage clamp control, sodium channels first activate, causing an increase in sodium permeability, and then inactivate, entering a nonconducting, refractory state (Hodgkin and Huxley, 1952) . One approach to understanding activation and inactivation at the molecular level is to identify the binding sites for agents that change them.
Two groups of neurotoxins bind specifically to distinct sites on voltage-sensitive sodium channels and modulate their gating properties. Lipid-soluble toxins such as batrachotoxin and veratridine bind to one receptor site and cause persistent activation of the channel. Polypeptide toxins from the venom of North African scorpions including Leiurus quinquestriatus and from sea anemone nematocysts bind to another site on the channel in a voltage-dependent manner. They slow inactivation gating and act cooperatively with the lipid-soluble toxins to cause persistent activation of the channel. These toxins have been used in biochemical experiments to identify the protein components of sodium channels (reviewed in Barchi, 1983; Catterall, 1984) . study the gating function of sodium channels. Neurotoxins that cause persistent activation of sodium channels are cytotoxic to electrically excitable neuroblastoma cells and have been used to select for mutant cells (West and Catterall, 1979) . Neuroblastoma clones selected for resistance to the cytotoxic effects of veratridine plus Leiurus scorpion toxin have reduced numbers of functional sodium channels or channels with reduced affinity for Leiurus toxin as assessed from measurements of **Na+ influx and neurotoxin binding (West and Catterall, 1979; Costa and Catterall, 1982) . Such cell lines provide potential sources of structurally variant sodium channels for further analysis.
Sodium channels in cultured neuroblastoma cells have physiological characteristics similar to those in nerve axons as detemined by measurements of sodium currents using either a two-microelectrode voltage clamp (Moolenaar and Spector, 1978) or a low resistance whole cell suction clamp technique (Kostyuk et al., 1978; Huang et al., 1982) . More recently, single sodium channel currents in neuroblastoma cells have been studied (Quandt and Narahashi, 1982; Aldrich et al., 1983 ) with the giga-ohm seal patch clamp technique (Hamill et al., 1981) . We have used a modification of this method in the whole cell voltage clamp configuration to measure and compare macroscopic sodium currents of normal and scorpion toxin-resistant neuroblastoma cells.
Materials and Methods
Materials. Leiurus scorpion toxin was purified (Catterall, 1976 ) from venom purchased from Sigma Chemical Co. Other materials were obtained from the following sources: tetrodotoxin, Calbiochem; new- 
Results
Sodium currents of normal and scorpion toxin-resistant neuroblastoma cells. Three cell lines were studied: the parental clone N18 and the scorpion toxin-resistant subclones LVlO (West and Catterall, 1979) and LV30 (Costa and Catterall, 1982) . Typical families of currents for N18, LVlO, and LV30 are illustrated in Figure 1 for depolarizing test pulses ranging from -60 to +105 mV in intervals of 15 mV. In each of these three cell lines, sodium channels activate within 1 msec and inactivate before the end of the lo-msec test pulse in a qualitatively similar manner.
To compare sodium currents of normal and scorpion toxinresistant cells quantitatively, cell cultures were prepared, grown, and analyzed under identical conditions. Characteristics of the amplitude and time course of the sodium permeability changes are summarized in Figure 2 and Table I . The sodium currents of many mutant cells were too small for reliable study and these cells are not included in Table I . The mutant cells with larger currents also achieved a lower mean maximum sodium conductance than N18 cells when normalized for cell surface area, but with the wide range of values recorded, the difference was not statistically significant. Previous flux experiments on whole dishes of cells (West and Catterall, 1979; Costa and Catterall, 1982) showed less "Nat influx in mutant cells and suggested that they have fewer functional channels.
The voltage dependence of sodium channel activation was and whole cell patch recordings were made as described under "Materials and Methods." Cells were maintained at a holding potential of -75 mV, hyperpolarized to -105 mV for 90 msec, and depolarized once per second to potentials from -60 mV to +105 mV in 15-mV intervals to elicit the sodium currents.
The 12 traces are superimposed photographically by photographing the storage screen of the oscilloscope. Calibration: 5 msec, 5 nA.
2838 Gonoi et al. Vol. 4, No. 11, Nov. 1984 measured as in Figure 1 and the maximum conductance was calculated at each test membrane potential. These results (open symbols, Fig. 2 ) do not reveal any important difference in the voltage dependence of activation in the mutant cells. The halfmaximal activation lies between -7 mV and -11 mV for all three cell lines (Table I) .
The voltage dependence of steady-state inactivation of sodium channels, h,, was determined using a two-pulse procedure (Fig. 2) . Stepping the prepulse progressively from membrane potentials of -135 mV to -30 mV inactivates an increasing fraction of the sodium channels and decreases the resulting sodium currents (solid symbols, Fig. 2 ). The voltage dependence of inactivation is similar for the three cell lines with halfmaximal inactivation at -62 mV to -69 mV. (Fig. 2 , Table I ). Parameters describing the time course of sodium currents, including the time to peak current and the time for half-decay of the currents, were similar for all three cell lines (Table I (Koppenhofer and Schmidt, 1968a, b; Romey et al., 1975; Okamoto et al., 1977; Catterall, 1979; Mozhayeva et al., 1980; Wang and Strichartz, 1983) . In mouse neuroblastoma cells Leiurus toxin has two effects (Fig. 3) . The decay of sodium currents is markedly slowed so that they no longer inactivate fully by the end of the test pulse (Fig. 3C ). In addition, the toxin increases the maximum sodium current observed at all test potentials (Fig. 3C ). In 19 N18 cells studied, the mean increase at 0 mV was 2.0 + 0.5-fold (SE, Table I ). These two effects develop concurrently within 15 min after application of 200 nM Leiurus toxin at 20°C (Fig. 3B) . In the experiment of Figure 4 , the time course of decay of the sodium current during a test pulse to +15 mV is exponential with a time constant of 0.48 msec before toxin treatment whereas, in the presence of 200 nM Leiurus toxin, the time constant is increased to 4.9 msec. The slowed time course is still approximately exponential. At intermediate toxin concentrations, a biphasic decay consisting of a sum of components with normal and toxin-modified channel inactivation rates was observed. The two toxin-resistant clones, LVlO and LV30, respond in a similar way to saturating concentration (200 nM) of Leiurus toxin. As for N18 cells, the time constant for decay of the sodium current during a test pulse to +15 mV is increased 6-to g-fold and the peak sodium current is increased 1.9-to 2.0-fold (Table I) and steady-state inactivation (hm). Peak currents in the presence and absence of Leiurus toxin were converted to conductance and normalized to the maximum conductance observed at +30 mV. Typical curves for such normalized sodium conductance values as a function of test potential are illustrated in Figure 5 for NE3 cells (open and solid squares). Leiurus toxin shifts the conductance activation curve by 9 mV to more negative membrane potentials without changing its shape. Similar effects were observed for the scorpion toxin-resistant clones LVlO and LV30 (Table I) . Apparently, slowing of inactivation with Leiurus toxin increases the maximum observed current and shifts the voltage dependence of activation to more negative values, effects not observed in studies with nonmammalian preparations.
These effects occur in both normal and scorpion toxin-resistant neuroblastoma cells. The effect of Leiurus scorpion toxin on the voltage dependence of sodium channel inactivation was determined using a two-pulse protocol in the presence and absence of 200 nM toxin. Typical results for N18 cells are illustrated in Figure 5 (open and solid circles). As observed in a previous study with crude venom (Koppenhofer and Schmidt, 1968a, b) , Leiurus toxin does not significantly shift the midpoint of the inactivation curve but makes the dependence of inactivation on prepulse potential less steep and prevents complete inactivation at the most positive potentials examined. The mean maximum slope of the h, curve decreases from e-fold/&8 mV to e-fold/ll.l mV. Approximately 5% of the sodium current remained after 90-msec duration prepulses to -15 mV (Fig. 5) . Similar effects were observed for the scorpion toxin-resistant cells lines (Table  I) .
Concentration dependence of Leiurus scorpion toxin action. Our results show that a saturating concentration of Leiurw toxin has similar effects on sodium channels in normal and scorpion toxin-resistant cell lines. However, since previous "Na+ influx and [Y]scorpion toxin binding experiments with the mutant cell lines showed that apparent Kn values for Leiurus toxin are increased as compared to N18 (West and Catterall, 1979; Costa and Catterall, 1982) , it is of interest to determine whether higher concentrations of Leiurus toxin are required to block inactivation in clones LVlO and LV30. The results of Figure 4 show that in the absence of Leiurus toxin the sodium current at +15 mV has decayed to less than 2% of its maximum value 3 msec after the peak, whereas in the presence of 200 nM toxin approximately 60% of the peak current remains at this time. The fraction of current remaining 3 msec after the peak is therefore proportional to the number of sodium channels with modified inactivation kinetics and can be used to determine the concentration dependence of toxin action. Our measurements were made by sampling many cells previously equilibrated with toxin at their normal resting potential (approximately -40 mV). Sodium currents were recorded as soon as the electrode could be sealed on the cell and the -75-mV holding potential could be applied (always less than 3 min). Figure 6 presents concentration-effect curves for Leiurus toxin action on clones N18, LVlO, and LV30 measured in this way. In each case, the concentration-effect relationship fits a simple hyperbolic binding isotherm of the form:
where Fa is the fraction of sodium conductance remaining 3 msec after the peak, pG is the maximum fraction at saturating scorpion toxin, and Lqtx is the concentration of Leiurus toxin. The best fit parameters describing the data of Figure 6 were N18, FG = 67%, KD = 1.7 nM; Lv30, FG = 50%, KD = 5.4 nM; LVlO, & = 58%, KD = 24 nM. These results show that the apparent KD for Leiurus toxin action in slowing inactivation is increased 3.2-and 14-fold in the resistant clones LV30 and LVlO. Thus, the physiological data show that the mutant neuroblastoma cells have sodium channels with normal functional properties and confirm the previous conclusion that their channels have reduced affinity for Leiurus toxin.
Voltage dependence of Leiurus toxin action. The affinity of l*"I-labeled Leiurus toxin for its receptor site on the sodium channel decreases sharply with membrane depolarization by K' (Catterall, 1977 (Catterall, , 1979 . Similarly, slowing of channel inactivation by a Buthus scorpion toxin is reduced by prolonged depolarization of the frog node of Ranvier under voltage clamp (Mozhayeva et al., 1980) . It is of interest, therefore, to examine the voltage dependence of scorpion toxin binding and action in normal and scorpion toxin-resistant neuroblastoma cells over a range of membrane potentials.
As in the experiments of Mozhayeva et al. (1980) , we changed the holding potential for several minutes to allow toxin binding to re-equilibrate and then evoked a sodium current with a standard prepulse/test pulse combination to assay what fraction of sodium channels had modified kinetics. and then depolarized in several steps to +30 mV. The first sodium current (top truce) was elicited by a hyperpolarization to -120 mV for 390 msec followed by a test pulse to +15 mV. The holding potential was then changed to -105 mV and sodium currents during a lo-msec test pulse to +15 mV .were recorded every 10 sec. preincubated with 5 nM Leiurus toxin at 37°C for 30 min. After a cell patch was formed, the cell was depolarized in several steps to +30 mV and held there for 7 min. The cell was then repolarized to -120 mV for 390 msec, and a sodium current was recorded during a lo-msec test pulse to +15 mV. The holding potential was then stepped to -105 mV and test pulses to +15 mV of 10 msec duration were applied every 10 sec. Initially, a small sodium current is evoked which decays rapidly (Fig. 7) . In each successive pulse the sodium current increases in amplitude and duration until a new steady state is reached after 100 sec. These changes reflect a combination of two voltage-dependent processes: the binding and action of scorpion toxin and the return of sodium channels from "slow inactivated" states induced by long depolarization.
The time constant for redevelopment of the toxin effect is less than 30 set in this experiment, corresponding to a forward rate constant of binding larger than 7 x lo6 M-' set-'. In control experiments without toxin, recovery of sodium channels from "slow inactivated" states was complete in less than 10 sec.
In order to measure the voltage dependence of scorpion toxin binding, experiments like the one illustrated in Figure 7 were carried out with holding potential levels between +60 and -105 mV, and the fraction of sodium channels with toxin-modified inactivation kinetics was estimated by measuring the fraction of the sodium current remaining 3 msec after the peak. where the symbols have the same meaning as above. These apparent KD values are plotted against the holding potential in Figure 8 for N18, LV30, and LVlO. In each case, K. values change over a similar range of membrane potentials, although their absolute values differ substantially.
The three lines in Figure 8 correspond to KDs at -40 mV of 1.6, 39, and 51 nM, respectively, and slopes of e-fold increases of KD for 19, 19, and 16 mV of depolarization.
Thus, scorpion toxin binding remains steeply voltage dependent in toxin-resistant neuroblastoma cells. The KD values for the mutant cell lines were significantly higher in this series of experiments than in the previous series (Fig. 6 ) in which a range of toxin concentrations was examined at the resting membrane potential of the cells. The reason for this quantitative difference was not explored further.
Discussion
Modification of sodium currents by scorpion toxin in a mammalian neuronal cell. Previous voltage clamp studies with scorpion toxin used nonmammalian nerve and muscle preparations. The principal effects of the toxin in these studies are to slow inactivation of the sodium channel, to make the h, curve less steep, and, in many cases, to make inactivation incomplete. These actions are also observed in our studies of mouse neuroblastoma cells. In addition, we see two new aspects of the action of Leiurus toxin that may be characteristic of mammalian sodium channels. First, Leiurus toxin increased peak sodium currents approximately Z-fold whereas the amplitude of the sodium current was either unchanged or reduced in previous studies of nonmammalian cells (Koppenhofer and Schmidt, 1968a; Narahashi et al., 1972; Romey et al., 1975; Catterall, 1979; Mozhayeva et al., 1980) . Second, Leiurus toxin caused a larger shift of the g& versus voltage curve to more negative membrane potentials than has been previously observed. These new effects of scorpion toxin may result from quantitative differences in the gating properties of mammalian sodium channels that have been noted in previous studies. Voltage clamp studies of rabbit node of Ranvier (Chiu et al., 1979) , rat skeletal muscle cells (Patlak and Horn, 1982) , and mouse neuroblastoma cells (Aldrich et al., 1983) indicate that inactivation of mammalian sodium channels is more rapid than previously observed in nonmammalian preparations. When inactivation is fast, a small fraction of the channels will be open at the peak of the sodium current. Slowing of inactivation by scorpion toxin could then increase the peak sodium current by prolonging the open time of individual channels and thereby permitting a larger fraction to be open simultaneously. Elimination of inactivation of sodium channels in rat myotubes with pronase or N-bromoacetamide also increases the probability that sodium channels are open during a test pulse (Patlak and Horn, 1982) .
This hypothesis can be illustrated qualitatively using the equation of Hodgkin and Huxley (1952) to fit the time course of a sodium current: INa = I0 (1 -e-t/Tm)s (e-"lrh). Values of 7, = 0.17 msec and 7h = 0.55 msec fit our data at +15 mV in the absence of scorpion toxin. If 7h is increased to 5.7 msec in the presence of scorpion toxin, this equation predicts a 2.3-fold increase in peak current and a 1.8-fold increase in the time to reach peak current, much like what we observe (Table I) .
A similar explanation could account for the shift of the peak g,, versus voltage curve to more negative potentials.
Others have suggested that the elementary rate constant underlying inactivation in several kinds of cells is nearly independent of voltage (Bezanilla and Armstrong, 1977; Nonner, 1980; Aldrich et al., 1983) . In that case, slowing of this elementary rate constant would have a larger effect on peak currents at small depolarizations (where activation is slow) than at large depolarizations (where activation is fast), an effect equivalent to a shift combined with an increase of peak &a. The possibility must also be considered that the shift is an artifact of the increased INa flowing in residual uncompensated series resistance between the bath and cell electrodes. We tested for this artifact by comparing the voltage dependence of INa in the standard Ringer solution containing 150 mM NaCl with that in a solution with only 30 mM NaCl (and 120 mM tetraethylammonium chloride) where peak INa was about 5 times smaller. For normal Nl8 cells, diluting the [Na+] shifted the midpoint of the activation curve by only +2.1 f 1.4 mV. The same manipulation on cells already treated with scorpion toxin shifted the midpoint by +2.9 mV. Hence we conclude that most of the -7 to -11 mV shift caused by scorpion toxin treatment (Table I) is a bona fide shift of activation, and at most a couple of millivolts may be attributed to a series resistance artifact.
Modification of the sodium currents by Leiurus toxin is voltage dependent. The apparent KD for modification increases e-fold for each 16 to 19 mV of depolarization in N18, LVlO, or LV30 cells. The voltage dependence of modification of the currents observed here ranges between the voltage dependence of Leiurus toxin binding to N18 cell sodium channels (e-fold increase/l3.5 mV; Catterall, 1977) , and the voltage dependence of Buthus eupeus toxin modification of sodium currents on frog myelinated fibers and Leiurus toxin binding on frog muscles (e-fold increase per 19.5 and 22.3 mV depolarization, respectively; Catterall, 1979; Mozhayeva et al., 1980) . Voltage-dependent Leiurus toxin binding is characteristic of both mammalian and nonmammalian sodium channels. Properties of sodium channels in scorpion toxin-resistant neuroblastoma cells. A major objective of this study was to examine the functional properties of sodium channels in variant neuroblastoma cells that are resistant to the cytotoxic effect of scorpion toxin and have reduced toxin affinity for scorpion toxin in biochemical experiments. We find that the functional properties of the channels are unchanged. Sodium conductancevoltage relationships, h--voltage relationships, and the rise and decay times of the sodium currents were essentially similar among N18, LVlO, and LV30 cells. The peak sodium conductance may be reduced 35 to 40% in the variant cells, consistent with a reduction in sodium channel density in the surface membrane of these cells. We conclude that the mutations leading to scorpin toxin resistance have a specific effect on the scorpion toxin receptor site without causing other major defects in channel function.
Saturating concentrations of Leiurus toxin cause a similar modification of the sodium currents in both normal and mutant cells. The decay of the sodium current is prolonged 6-to lofold, the peak sodium conductance is increased 1.9-to 2.0-fold, the steepness of the h, curve is reduced 1.3-fold, and the giG versus voltage curve is shifted -8 to -11 mV in each case. The voltage dependence of Leiurus toxin action is similar in each case. These results indicate that the effects of Leiurus toxin that occur subsequent to toxin binding are not altered in the mutant cells.
The only observed alteration in sodium channel properties is a lowered affinity for Leiurus toxin. The mutant cells LV30 and LVlO have apparent KD values that are 3-to IO-fold and l4-fold greater than for N18 cells, respectively. The K. values measured are in reasonable agreement with previous biochemical studies. Thus, for N18 cells, KD values of 1.7 nM were observed in these experiments compared to 0.7 nM previously (Catterall, 1977; Costa and Catterall, 1982) ; for LV30 cells values of 5.4 nM and 39 nM were observed compared to 5 or 19 nM (Costa and Catterall, 1982) , and for LVlO cells values of 24 nM and 51 nM were observed compared to 24 nM (West and Catterall, 1979) . Since these modifications in Leiurus toxinbinding affinity are specific, determination of the changes in channel structure that cause them will identify components essential for toxin binding. These mutant cell lines will be useful reagents in studies of the relationship between molecular structure and physiological function of the voltage-sensitive sodium channel.
